Introduction pRb, the protein product of the retinoblastoma tumor suppressor gene, is a key regulator of cell cycle arrest in dierentiated cells (Weinberg, 1995) . Mouse strains lacking a functional Rb gene (Rb7/7) die during embryogenesis, with defects in both hepatic erythropoiesis and neuronal development (Clarke et al., 1992; Lee et al., 1994; Jacks et al., 1992) . In regions of the central and peripheral nervous system where only post-mitotic cells are found in wild type animals, both mitotic and apoptotic cells are found in Rb7/7 mice (Lee et al., 1994) . Rb de®ciency also inhibits dierentiation of the occular lens (Pan and Griep, 1994; Morgenbesser et al., 1994; Mahon et al., 1987; Fromm et al., 1994) . Inactivation of pRb, whether by targeted mutagenesis of the Rb gene (Morgenbesser et al., 1994) , expression of a truncated SV40 large T antigen (Fromm et al., 1994) , or expression of the human papilloma virus oncoprotein, (Pan and Griep, 1994 ) is associated with unchecked proliferation, impaired expression of differentiation markers and inappropriate apoptosis in cells that would otherwise undergo dierentiation to form lens ®bers. HPV E7 inactivation of pRB in retinal photoreceptors produces similar eects (Howes et al., 1994) . Thus, for many cell types, pRb-mediated cell cycle arrest appears to be a prerequisite for cell cycle arrest and dierentiation.
The growth suppressive activity of pRb results primarily from its ability to repress transcription by forming complexes with the E2F family of transcription factor (Nevins, 1992; Adnane et al., 1995; Bremner et al., 1995; Sellers et al., 1995; Weintraub et al., 1995) . Complex formation is regulated by phosphorylation of pRb in mid to late G1, a step catalysed primarily by cyclin D/cdk4, in conjunction with cyclin E/cdk2 (Adnane et al., 1995; Bremner et al., 1995; Sellers et al., 1995) . Phosphorylation of pRb by cyclin D/cdk4 prevents formation of the pRb/E2F complex, permitting transcription of genes with E2F binding sites in their promoters (Nevins, 1992; Ikeda et al., 1996) . Genes thought to be E2F targets include protooncogenes (Heibert et al., 1989; Lam and Watson, 1993) , G1 cyclins (Muller et al., 1994; Henglein et al., 1994; Ohtani et al., 1995) , enzymes required for DNA synthesis (Pearson et al., 1991; Means et al., 1992; Fridovich-Keil et al., 1993) , and the G2-speci®c cdk, cdc2 (Dalton, 1992; Tommasi and Pfeifer, 1995) . Several recent studies suggest that E2F may be primarily a negative regulator of transcription, directing the binding of repressors, such as pRb, to speci®c target genes (Tommasi and Pfeifer, 1995; Field et al., 1996; Yamasaki et al., 1996; Zwicker et al., 1996) . This view is supported by the observation that mice bearing homozygous deletions of the E2F-1 gene do not have defects in cell proliferation, but rather show an increased tendency to develop tumors (Field et al., 1996; Yamasaki et al., 1996; Zwicker et al., 1996) . Nevertheless, once its association with pRb family proteins is disrupted, E2F also seems to be a positive regulator of certain genes, such as dhfr (Wells et al., 1997) and b-myb (Lam et al., 1995) .
pRb is one of a family of structurally related proteins able to bind E2F. At present, two other members of this family are known, p107 and p130 (Cao et al., 1992; Cobrinik et al., 1993) . In addition, a multigene family with at least ®ve members is responsible for the transcriptional activity designated E2F'. Of the ®ve known E2F's, E2F-1, E2F-2, and E2F-3 seem to be regulated primarily by pRb (IveyHoyle et al., 1993; Lees et al., 1993) . E2F-4 complexes with p107 and p130 (Beijersbergen et al., 1994; Ginsberg et al., 1994; Vairo et al., 1995) as well as with pRb (Ikeda and Nevins, 1993) , and E2F-5, the most recently discovered member of this family, appears to complex primarily with p130 (Hijmans et al., 1995) . Members of the E2F family are able to bind DNA and activate transcription only when complexed with one of the three members of the DP family (Bandara et al., 1994; Ormondroyd et al., 1995; Zhang and Challappan, 1995) , increasing even further the number of combinations possible. Rb family proteins block the transactivating activity of E2F without aecting the DNA binding ability of the E2F/DP heterodimer (Heibert et al., 1989; Zwicker et al., 1996) .
The structure of the ocular lens and the availability of lens speci®c promoters (Piatigorsky and Zelenka, 1992) have made this tissue a valuable model system in which to study the role of Rb family proteins in dierentiating cells in vivo (Mahon et al., 1987; Fromm et al., 1994; Griep, 1994, 1995; Morgenbesser et al., 1994) . The lens contains several distinct and spatially separated cell populations (Persons and Modak, 1970) . The anterior surface of the lens is covered by a thin layer of epithelial cells, which undergo dierentiation near the lens equator to form a posterior array of highly elongated ®ber cells that makes up the bulk of the lens. The entire lens is surrounded by a collagenous capsule, which isolates it from other cell types. Because of the spatial separation of ®bers and epithelial cells, expression of speci®c genes detected by in situ hybridization or immunocytochemistry can be correlated with the state of dierentiation. Moreover, since the dierentiated ®ber are not tightly attached to the capsule, ®bers and epithelial cells can be separated by microdissection for biochemical analysis.
Using the lens-speci®c aA-crystallin promoter, several investigators have generated transgenic animals with Rb function disrupted only in the dierentiating ®ber cells (Mahon et al., 1987; Fromm et al., 1994; Griep, 1994, 1995) . While these studies, in conjunction with studies of Rb7/7 mice (Morgenbesser et al., 1994) , have established a requirement for pRb function, they have not determined whether other members of the Rb family might also play a role in dierentiation. To address this question, we have examined the expression of individual members of the E2F family in neonatal rat lenses and have tested for the presence of speci®c members of the Rb family in E2F DNA binding complexes formed during lens ®ber cell dierentiation.
Results

Expression of E2F family members during lens ®ber cell dierentiation
To determine which members of the E2F family are expressed in the lens, total RNA was extracted from neonatal rat lens epithelia and ®bers and the mRNAs for speci®c E2Fs were detected by RT/PCR amplification. Each PCR product was then puri®ed, cloned, and sequenced to con®rm its identity. Control reactions were performed in the absence of reverse transcriptase (data not shown) to ensure that the PCR products originated from RNA. The results showed that lens epithelia express all 5 species of E2F, while lens ®bers express only E2F-1, E2F-3, and E2F-5 (Figure 1 ).
E2F-DNA binding complexes during dierentiation
To examine E2F-containing complexes formed during terminal dierentiation in vivo, electromobility shift assays (EMSAs) were performed using whole cell extracts from lens epithelia or ®bers of neonatal rats and a radioactively labeled oligonucleotide containing
Figure 1 RT/PCR detection of E2F family mRNAs in ®bers (F) and epithelia (E) of 2-day neonatal rats. 100 mg of total RNA was used for each assay. Assays were repeated with independent RNA preparations to ensure reproducibility and each PCR product was sequenced to con®rm its identity a consensus E2F binding site from the E2 promoter (Yee et al., 1989) . At least four retarded complexes (I ± IV) were observed, all of which were shown to be speci®c by competition with excess unlabeled oligonucleotide ( Figure 2 ). Three speci®c complexes were observed with ®ber cell extract, one of which (III) comigrated with a complex formed by the lens epithelial extracts. The most rapidly migrating complex (IV) may be lens ®ber cell speci®c, since it was not observed with extracts of lens epithelial cells (Figure 2 ), C2C12 cells (Figure 3b ), WI38 cells (not shown), or PC12 cells (not shown).
Identi®cation of Rb family proteins
To identify Rb family proteins associated with the speci®c complexes formed by lens cell extracts, extracts were incubated with the E2 oligonucleotide in the presence of antibodies speci®c for p107, pRb, or p130 ( Figure 3a ). The formation of complexes with the labeled oligonucleotide was unaected by either the pRb or p130 antibodies. In contrast, the p107 antibody prevented the formation of complex I by the epithelial cell extracts and complexes III and IV by the ®ber cell extracts. Although complex III of the epithelial cells (IIIe) has the same mobility as complex III of the ®ber cells (IIIf), the dierential response of these complexes to p107 antibody indicates that they are not identical.
In control experiments, addition of b-galactosidase antibody did not signi®cantly aect the pattern of complexes (Figure 3a) . Since formation of a p130/E2F protein complex is often associated with cell cycle arrest (Halevy et al., 1995; Corbeil et al., 1995; Vairo et al., 1995; Jiang et al., 1994; Shin et al., 1995) , the failure of the p130 antibody to aect any of the complexes formed by lens ®ber extracts was unexpected. We therefore tested the ability of this antibody to interfere with the formation of a previously identi®ed p130/E2F complex in dierentiated C2C12 myotubes. In parallel incubations, the antibody blocked formation of the C2C12 p130 complex (Figure 3b ), but had no eect on any complexes formed by lens cell extracts ( Figure 3a ). These results suggest that dierentiation of lens ®ber cells is not associated with formation of a p130/E2F complex.
Identi®cation of pRb family proteins by immunoblotting
To investigate further the identity of pRb family proteins, EMSA complexes were electroeluted onto DE81 paper and nitrocellulose simultaneously, a process which leaves the oligonucleotide bound to DE81 and the proteins bound to nitrocellulose. The nitrocellulose ®lter was subsequently immunoblotted with antibodies speci®c for pRb or p130, while the DE81 paper was autoradiographed to locate the radiolabeled oligonucleotide. This technique (termed shift/Western') provides an alternative means of identifying proteins associated with speci®c complexes (Demczuk et al., 1993) . Using this technique, complexes I, II, and IV reacted with the pRb antibody ( Figure 4a ). The reaction with all three complexes was entirely blocked by the presence of the antigenic peptide (not shown). The antibody also reacted with material in the ®ber cell lane that did not correspond to labeled oligonucleotide. This immunoreactive material was also detected in control experiments lacking the E2F oligonucleotide (not shown). Since this material has the same electrophoretic mobility as complex I, it is not clear at present whether complex I contains pRb.
Immunoblotting with p130 antibody showed only a very weak reaction with the same complexes that were disrupted by incubation with p107 antibody ( Figure  4b ). Since the p130 antibody is known to cross-react slightly with p107 and since there were no complexes recognized exclusively by the p130 antibody, these results also indicate that lens ®ber cell dierentiation is not associated with formation of a p130/E2F complex.
Since the above experiments indicated that pRb and p107 are associated with E2F complexes in lens ®ber cells, we also examined the expression and phosphorylation state of these proteins by immunoblotting whole cell extracts ( Figure 5 ). Immunoblotting with pRb antibody detected multiple pRb bands in the
Competitor ( Plabeled double stranded oligonucleotide (25 mer) containing the E2F consensus sequence was incubated 30 min at room temperature with 8 ± 10 mg cellular protein prior to electrophoresis on non-denaturing polyacrylamide gels. A 25-fold excess of unlabeled speci®c oligonucleotide (sp) or an equivalent amount of unlabeled non-speci®c oligonucleotide (ns) was added to assess the speci®city of complex formation epithelial cell extracts, suggesting that much of the pRb protein is phosphorylated (Figure 5a ). In contrast, only a single, high mobility pRb band was detected in the ®ber cell extracts, indicating that essentially all the pRb protein is in the active, hypophosphorylated form capable of forming complexes with E2F. Immunoblotting whole cell extracts with p107 antibody con®rmed that this protein is also expressed in the dierentiating lens ®ber cells (Figure 5b) . As with pRb, much of the p107 protein in the epithelial cells migrated more slowly than that in the ®ber cells. These ®ndings suggest that the p107 protein in the ®ber cells is also hypophosphorylated and capable of interacting with E2F. Interestingly, when epithelia and ®bers from equal numbers of lenses were compared, the concentration of pRb appeared to be somewhat less in the ®bers (Figure 5a ), while the concentration of p107 was greater (Figure 5b ). Immunoblotting whole cell extracts from epithela and ®bers with p130 antibody failed to detect p130 protein (not shown).
p130 is ubiquitinated in lens cells
The absence of a p130/E2F complex in the EMSA experiments and the inability to detect p130 in immunoblots of whole cell extracts raised the possibility that p130 might not be expressed in the lens. To test this possibility, lens epithelial cell and ®ber cell extracts were immunoprecipitated with p130 antibody and subsequently immunoblotted with p130 antibody. Under these conditions, however, we detected an immunoreactive band of the correct molecular weight in both cell fractions (Figure 6a ). In the immunoprecipitates from lens epithelial cells the p130 band appeared as a closely spaced doublet. The band with slower mobility may correspond to phosphorylated p130, as Ia,b
observed in other cell types (Li et al., 1993; Cobrinik et al., 1993; Herzinger et al., 1995) . Interestingly, immunoprecipitates from lens ®ber cells contained several additional immunoreactive bands, both above and below 130 kDa, suggesting that additional posttranslational modi®cations may occur during differentiation. Since the apparent molecular weights of the slowest migrating immunoreactive bands were greater than previously reported for phosphorylated species, we tested for ubiquitination of p130 by immunoblotting p130 immunoprecipitates with ubiquitin antibody. The ubiquitin antibody detected two weak bands with molecular weights slightly above 130 kDa in the p130 immunoprecipitates from epithelial cells and an array of ubiquitinated bands with molecular weights above 130 kDa in the ®ber cell immunoprecipitates. The most intense of these immunoreactive bands comigrated with a band detected by the p130 antibody (Figure 6b ), suggesting that p130 may be ubiquitinated in the ®ber cells.
Immunocytochemistry of pRb in the neonatal rat lens
Since the EMSA experiments suggested that pRb is an important regulator of E2F both before and after lens ®ber cell dierentiation, immunocytochemistry was performed to determine whether dierentiation is accompanied by changes in either the localization or level of staining of pRb. Intense nuclear staining of pRb was observed throughout the lens, with no signi®cant dierences in the level of staining in the quiescent cells of the central epithelium (Figure 7a,c) , the proliferating cells anterior to the lens equator (Figure 7a ,c) and the dierentiating ®ber cells (Figure  7c,d) . The speci®city of the nuclear staining obtained with the pRb antibody was demonstrated by pre- (Figure 7b ). We were unable to obtain satisfactory immunocytochemistry with the p107 antibody.
Discussion
The E2F family of transcription factors and the Rb family proteins which regulate their activity have been shown to regulate expression of several cell cycle regulatory genes during cell proliferation and differentiation. We have explored the possible role of the E2F isoforms and Rb family proteins in the dierentiation of lens ®ber cells by examining the expression of E2F mRNAs and the formation of E2F-containing protein-DNA complexes in neonatal rat lens epithelia and lens ®bers. The results indicate that expression of speci®c members of the E2F family is strongly downregulated in the dierentiating ®ber cells. While lens epithelial cells contain mRNAs for all ®ve members of the E2F family, lens ®ber cells contain only E2F-1, E2F-3, and E2F-5. mRNAs for E2F-2, a minor isoform which complexes with pRb (Ivey-Hoyle et al., 1993) and E2F-4, the only member of the E2F family clearly demonstrated to complex with p107 (Beijersbergen et al., 1994; Ginsberg et al., 1994) were not detected in ®ber cell RNA by RT/PCR. Since members of the E2F family have short hal¯ives (Campanero and Flemington, 1997) , it is likely that the corresponding E2F-2 and E2F-4 proteins are also absent. Extracts from rat lens epithelia and ®ber cells formed a number of speci®c complexes with an oligonucleotide containing a consensus E2F binding site. In the ®ber cells, one prominent complex contained pRb, as detected by immunoblotting of the electrophoretic mobility shifted complexes with pRb antibody. This complex was not observed in the epithelial cell extracts, although a minor complex of dierent mobility may contain pRb. The presence of the pRb-containing complex in the ®ber cell extracts is consistent with the presence of pRb in the ®ber cell nuclei, as shown by immunocytochemistry (Figure 7) , and with the predominance of hypophosphorylated pRb observed in the ®ber cells (Figure 5a) . Much of the pRb protein in the epithelial cell extracts was phosphorylated to various degrees and would not be expected to complex with E2F. These ®ndings are also consistent with previous observations linking the active, hypophosphorylated form of pRb with in vitro dierentiation of HL60 cells (Ikeda et al., 1996) and in vivo dierentiation of lens ®ber cells (Zhang et al., 1997; Griep, 1994, 1995; Morgenbesser et al., 1994; Fromm et al., 1994) .
Although pRb clearly plays an important role in lens ®ber cell dierentiation, the present results indicate that it is not the only member of the Rb family able to form complexes with E2F in lens ®ber cell extracts. The Immunoblots of (a) pRB and (b) p107 in whole cell extracts of (1) lens epithelial cells and (2) lens ®ber cells of 2 day old neonatal rats. Hypophosphorylated forms (pRb and p107) and hyperphosphorylated forms (ppRb and pp107) are indicated by arrows most abundant ®ber cell complex contains p107, rather than pRb. This ®nding is consistent with immunoblotting results, which show a higher proportion of hypophosphorylated p107 in the ®ber cells than in the epithelial cells. Complexes containing p107 have previously been associated with cycling cells, where they are most abundant during S phase (Shirodkar et al., 1992; Lees et al., 1992; Kiess et al., 1995) . Such p107 complexes generally also contain Cdk2 and cyclin E or A (Lees et al., 1992) . We have not yet tested for the presence of cyclins or Cdks in the p107/E2F complexes from lens ®ber cells. Interestingly, our RT/ PCR data suggest that E2F-4, the only E2F isoform that has been clearly shown to bind p107 (Beijersbergen et al., 1994) , is not expressed in these cells. While the binding partner of p107 in these complexes is not yet known, E2F-5 is a likely candidate, considering its structural similarity to E2F-4 (Hijmans et al., 1995; Itoh et al., 1995; Sardet et al., 1995) . Although dierentiating lens ®ber cells contain a prominent p107/E2F complex, we found no evidence for a p130/E2F complex, using techniques that were sucient to detect such a complex in dierentiating C2C12 muscle cells (Shin et al., 1995) . This contrasts with results from a variety of other cell types, which have established a strong correlation between p130/ E2F complex formation and cell cycle withdrawal. We were also unable to detect p130 in immunoblots of whole cell extracts from lens epithelia or ®ber cells, although we were able to demonstrate low levels of this protein by immunoblotting p130 immunoprecipitates. Interestingly, several p130 immunoreactive bands were detected in the p130 immunoprecipitates from lens ®ber cells, some of which also reacted with ubiquitin antibody, suggesting that they may be ubiquitinated forms of p130. This ®nding raises the possibility that p130 may be targeted for ubiquitin dependent proteolysis in the lens.
Recent evidence suggests that p107 and p130 are functionally redundant. Homozygous deletion of either p107 or p130 produces no apparent phenotype in mice, but deletion of both genes has a profound eect on bone development (Cobrinik et al., 1996) . Similarly, in ®broblasts from p1077/7 or p1307/7 animals, expression of several genes thought to be regulated by E2F is normal, while in ®broblasts from p1077/7; p1307/7 animals, a number of these genes are derepressed during G0 and G1 (Hurford et al., 1997) . When p130 is absent, much of the E2F activity normally associated with p130 associates with p107 instead. In view of this apparent redundancy, the function of p107 in dierentiating lens ®ber cells may be similar to that of p130 in other dierentiating cell types that have been examined.
Functional redundancy of p107 and p130 does not, however, imply that E2F-4 and E2F-5 are also redundant. Even if both E2F isoforms complex interchangeably with p107 and p130, each may be responsible for regulating a distinct battery of genes. Although it is not yet clear whether E2F-4 and E2F-5 regulate dierent genes, recent observations suggest that some members of the E2F family do have distinct functions in vivo. For example, overexpression of E2F-1 does not aect all potential gene targets equally DeGregori et al., 1995) . Growth factor arrest produced by overexpression of p130 is reversed by expression of E2F-4, but only slightly aected by expression of E2F-1, while pRb mediated growth arrest is preferrentially reversed by E2F-1 (Vairo et al., 1995) . This ®nding demonstrates that these two E2F isoforms do not compete for the same binding sites in vivo, although both are able to bind a consensus E2F site in vitro (Ginsberg et al., 1994) . There is also evidence that a non-consensus E2F site in the cdc2 promoter is recognized preferentially by p130/E2F-4 in vivo (Tommasi and Pfeifer, 1995) . Finally, dierent patterns of gene deregulation have been observed in mouse embryonic ®broblasts bearing homozygous deletions of pRb (pRb7/7) as compared to fibroblasts bearing homozygous deletions of both p107 and p130 (p1077/7; p1307/7) (Hurford et al., 1997) . Together, these observations support the view that dierent E2F isoforms may regulate dierent sets of genes.
If E2F-4 and E2F-5 have distinct functions, the absence of E2F-4 in lens ®ber cells may permit genes that are normally repressed by p130/E2F-4 to be recruited for specialized functions during lens ®ber cell dierentiation. For example, as part of their differentiation program, lens ®ber cells undergo a precisely timed, massive destruction of all intracellular organelles, including the nucleus (Bassnett and Beebe, 1992; Vrensen et al., 1991; Kuwabara and Imaizumi, 1974) . This process is associated with expression of Cdc2 (Gao et al., 1995; He et al., 1997, observations) , the enzyme responsible for nuclear envelope breakdown during mitosis (Gallant and Nigg, 1992) . Expression of Cdc2 in lens ®ber cells is particularly unexpected, since these cells are arrested in G1 phase of the cell cycle (Fromm and Overbeek, 1996; Zhang et al., 1997) , when transcription of cdc2 is usually repressed (Dalton, 1992) . Since p130/E2F-4 seems to be involved in the cell cycle dependent repression of cdc2 (Tommasi and Pfeifer, 1995) , the absence of E2F-4 and p130/E2F complexes in lens ®bers may contribute to the aberrant expression of this gene during ®ber cell dierentiation.
Materials and methods
RNA preparation
Lens epithelia and ®bers of embryonic or neonatal rats were separated by microdissection and total cytoplasmic RNA was extracted using RNAzol (Tel Test, Inc., Friendswood, TX) as described (Rinaudo and Zelenka, 1992) . The concentration of the puri®ed RNA was determined by absorbance at 260 nm; the ratio of absorbance at 20 nm to absorbance 280 nm was 1.8 or higher for all the RNA preparations.
Reverse transcription and PCR
Reverse transcription and PCR of 100 ng samples of total cytoplasmic RNA was carried out as described (Rinaudo and Zelenka, 1992) . Moloney murine leukemia virus reverse transcriptase (Gibco-BRL) was used at a concentration of 100 U/reaction. The PCR products were separated on a 10% polyacrylamide TBE gel in parallel with HaeIII digested fX174 molecular weight markers (Gibco-BRL). Electrophoresis was carried out at 100 V for 40 min and PCR products were stained with ethidium bromide. Each assay was repeated with independent RNA preparations. Controls lacking reverse transcriptase were included in each experiment to ensure that the products were derived from RNA.
The following oligonucleotides, synthesized on an applied Biosystems 380B DNA synthesizer (Foster City, CA) and corresponding to nucleotide positions within the sequence (shown in parentheses) were used as primers: 
Microdissection of lenses and protein extraction
Lenses were removed from 2-day old neonatal rats and cleaned of any adhering pigmented ciliary body. The collagenous lens capsule with the anterior lens epithelium attached was separated from the ®ber mass by microdissection with sharpened jeweler's forceps. Tissues from 80 rats were pooled for extraction of proteins. Cell extracts were prepared from both the lens epithelia and ®ber mass. Cells were lysed in lysis buer (150 mM NaCl, 1% NP-40 (wt/vol), 50 mM Tris pH 8.0 containing 200 mM phenylmethylsulphonyl¯uoride, 1 mM dithiothreitol, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 0.4 mM sodium¯uoride, 0.4 mM orthovanadate, 0.1 mM EGTA (ethylene glycolbis (b-aminoethyl ether)-N-N-N'-N'-tetraacetic acid). After brief centrifugation at 12 000 g to remove cellular debris, the lysate was centrifuged at 100 000 g. The supernatant solution was adjusted to 20% glycerol and aliquots were stored at 7708C.
Electromobility shift assays and shift-Western blotting
Electromobility shift assays (EMSA) were performed with undierentiated lens epithelial and dierentiated lens ®ber cell extracts. For use in EMSAs, a double-stranded oligonucleotide (25 mer) containing the consensus E2F binding site (Santa Cruz) was 5' end labeled by T4 polynucleotide kinase using [g-32 P]ATP (Sambrook et al., 1989) . EMSA was carried out in a total reaction volume of 15 ml containing 8 ± 10 mg of lens extract, 1.0 ng 32 P-labeled double stranded probe, 1 mg sonicated salmon sperm DNA, in a buer containing 50 mM KCl, 3 mM MgCl 2 , 0.12 mM EDTA, 12 mM HEPES, pH 7.9, 0.33 mM PMSF, 0.5 mM dithiothreitol, 0.2% sodium azide and 0.1% NP-40. Competitor DNA was added at a 25-fold molar excess over the probe. The reaction mixture was incubated for 30 min at room temperature and then run on a 4% nondenaturing polyacrylamide gel in 0.56Tris-borate EDTA buer at 48C. Where indicated in the legends, antibodies speci®c for pRb (RC-15, Santa Cruz Biotechnology), p107 (SD9, Upstate Biotechnology), p130 (C-20 Santa Cruz Biotechnology), and b-galactosidase (5'-3' Inc.) were included in the reaction. One mg of the appropriate antibody was preincubated with the cell extracts for 1 h on ice, after which the probe was added and the mixture was further incubated for 20 ± 30 min at room temperature before running the gel.
After electrophoresis, the gel was blotted simultaneously onto nitrocellulose and DE-81 paper (Whatman), a procedure referred to as`shift Western' blotting (Demczuk et al., 1993) . The transfer was carried out for 1 h, in a BioRad electroblotting unit with a cooling block, using chilled 25 mM Tris, 192 mM glycine and 20% v/v methanol. The DE-81 paper was dried for 10 ± 15 min in a BioRad gel dryer and exposed to X-ray ®lm (Kodak, XAR) for autoradiography. The nitrocellulose membrane was immunoblotted as described below.
Immunoblotting
For immunoblotting of whole cell extracts, lens epithelia and ®bers were separated, homogenized in lysis buer (50 mM Tris, pH 7.8, 1% NP-40, 2 mM EDTA, 100 mM NaCl, 1 mM sodium orthovanadate, 50 mg/ml aprotinin, 50 mM leupeptin and 1 mM PMSF) and placed on ice for 20 min with vigorous mixing every 5 min. The cell debris was removed by centrifugation in an Eppendorf microfuge tube at 48C for 15 min. Proteins were resolved on a 6% polyacrylamide-SDS gel and electroeluted onto Hybond-C Extra (Amersham).
Immunoblotting (Towbin et al., 1979) was performed on Hybond C or nitrocellulose membranes (for shift-Westerns). The membranes were blocked for 4 ± 6 h with 5% nonfat milk in Tris buered saline, pH 8.0 (TBS), washed and incubated overnight at 48C with one of the following primary antibodies: (1) anti-pRb, mouse monoclonal, G3-245, 1 : 1000 dilution (Pharmingen): (2) anti-pRb, rabbit polyclonal RC-15, 1 : 100 dilution (Santa Cruz Biotechnology); (3) anti-p107, mouse monoclonal, SD9, 1 : 500 dilution (Upstate Biotechnology) (4) anti-p130, rabbit polyclonal, C-20, 1 : 500 dilution (Santa Cruz Biotechnology; (5) anti-ubiquitin, rabbit polyclonal, 1 : 200 dilution, (Sigma). After washing with 0.05% Tween-20 in TBS, immunoblots were incubated with rabbit anti-mouse IgG or goat anti-rabbit IgG (horseradish peroxidase conjugated) and the bands were visualized by enhanced chemiluminescence, according to the manufacturer's instructions (Amersham).
For immunoprecipitation, lens epithelia and ®bers from 2 day-old newborn rats were lysed in buer containing 50 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, 5 mM EDTA, 250 mM NaCl, 50 mM NaF, 0.1 mM sodium orthovanadate, 1 mM PMSF and 10 mg/ml leupeptin. The lysate was centrifuged at 48C for 10 min at 10 000 g. The supernatants were incubated on a rocker with 1 mg of p130 antibody (C-20 rabbit polyclonal, Santa Cruz Biotechnology) at 48C for 2 h. In case of the p130 immunoprecipitation, 30 ml of protein Aagarose (Gibco-BRL, Gaithersburg, MD) beads were added to the supernatant and further incubated for 1 h. Immune complexes were collected by centrifugation and washed four times with the lysis buer. Samples were resuspended in SDS sample buer, boiled and separated by electrophoresis on 6% polyacrylamide gels.
Immunocytochemistry
Eyes were surgically removed from 2-day neonatal Wistar rats, mounted in OCT compound (Miles), and snap frozen in isopentane. Cryostat sections (5 ± 6 mm) were cut and applied to poly-L-lysine coated glass slides. The frozen sections were allowed to come to room temperature for 30 min and were ®xed in cold acetone to 48C for 10 min. The sections were washed in PBS, then incubated 30 min in methanol containing 0.3% (v/v) hydrogen peroxide to exhaust endogenous peroxidase activity. Sections were rinsed three times in PBS, then incubated in PBS containing 10% goat serum for 20 min to prevent nonspeci®c binding of antibodies. The slides were washed in three changes of PBS and incubated with pRb antibody (RC-15, Santa Cruz, rabbit polyclonal, diluted 1 : 500) in PBS containing 2% BSA overnight at 48C. Specimens were washed three times in PBS, incubated in horseradish peroxide conjugated antibody (goat anti-rabbit IgG, 10 mg/ml, Vector Laboratories) for 60 min, washed an additional three times in PBS, and incubated with diaminobenzidine tetrachloride (DAB) substrate containing nickel (Vector Laboratories). As negative controls, the pRb antibody was preincubated with the immunizing antigen for 2 h prior to use or incubations were performed in the absence of primary antibody. Slides were mounted in Permount (Fisher Scienti®c) for photography.
